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ABSTRACT 


An  experimental  study  was  conducted  to  obtain  boundary-layer 
pitot  pressure  profile  data  on  a  sharp  and  a  blunt  leading  edge  rec¬ 
tangular  plate  and  a  sharp  leading  edge  delta  wing  at  Mach  6,  8,  and 
10.  Effects  of  Reynolds  number,  angle  of  attack,  and  mass  injection 
were  studied.  Selected  results  are  presented  to  illustrate  the  effect 
of  air  injection  upon  the  sharp  rectangular  plate  boundary  layer  at 
Mach  8  and  zero  angle  of  attack. 


ill 


A  E  DC-T  R  -66-83 


CONTENTS 


Page 

ABSTRACT . ■  tii 

NOMENCLATURE . [  [  ’  ’  j  *  *  vi 

I.  INTRODUCTION . ]  ]  '  x 

II.  APPARATUS 

2.  1  Wind  Tunnels  . .  1 

2.  2  Models  . .  1 

2.  3  Survey  Probe .  2 

2.  4  Instrumentation .  2 

III.  PROCEDURE  . . 3 

IV.  RESULTS  AND  DISCUSSION . ’  ’  '  3 

REFERENCES .  *  *  ± 


ILLUSTRATIONS 


1.  Wind  Tunnels .  5 

2.  Model  Details 

a.  Rectangular  Model  . .  6 

b.  Delta  Model .  7 


3.  Effect  on  Boundary -Layer  Pitot  Pressure  Profiles  of 
Mass  Injection  on  a  Sharp  Rectangular  Plate  at 
Mach  8 . 


4.  Effect  on  Boundary -Layer  Pitot  Pressure  Profiles  of 

Mass  Injected  at  Different  Locations  on  a  Sharp 
Rectangular  Plate  at  Mach  8 .  9 

5.  Effect  of  Variations  in  Free-Stream  Reynolds  Number 

on  Boundary-Layer  Pitot  Pressure  Profiles  for  a  Sharp 
Rectangular  Plate  at  Mach  8 .  10 


TABLE 


I.  Test  Conditions 


11 


v 


AEDC»TR-66>63 


NOMENCLATURE 

Free-stream  Mach  number 
pQ  Stagnation  pressure,  psia 

P0*  Total  pressure  behind  a  normal  shock,  psia 

ptp  Probe  total  pressure,  psia 

Pw  Model  surface  pressure,  psia 

PB  Free-stream  static  pressure,  psia 

Re*  Free-stream  unit  Reynolds  number,  in.-1 

T0  Stagnation  temperature,  °R 

Tw  Model  surface  temperature,  °R 

x  Longitudinal  distance  along  model  surface,  in. 

y  Vertical  distance  above  model  surface,  in. 

z  Lateral  distance  along  model  surface,  in. 
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SECTION  I 
INTRODUCTION 


Pitot  and  surface  pressure  and  surface  temperature  measurements 
were  made  on  a  flat  rectangular  plate  and  a  flat  delta  plate  at  Mach 
numbers  of  6,  8,  and  10.  The  tests  were  performed  in  the  50-in.  hyper¬ 
sonic  tunnels  (Gas  Dynamic  Wind  Tunnels,  Hypersonic  (B)  and  (C)). 

The  objective  of  the  tests  was  to  obtain  boundary-layer  pitot  pressure 
profile  data  to  help  verify  an  analytical  method  under  development  by 
The  Boeing  Company  for  predicting  minimum  critical  Reynolds  number 
(below  which  boundary-layer  transition  cannot  occur)  in  hypersonic  flow. 

To  supply  comparison  data  for  use  in  the  analytical  method,  small 
amounts  of  air  were  injected  into  the  boundary  layer  to  produce  very 
small  magnitude  artificial  disturbances.  Boundary-layer  pitot  pressure 
profile  data,  measured  near  the  downstream  end  of  the  plate,  were  used 
to  determine  the  extent  to  which  the  boundary  layer  was  disturbed.  Some 
other  parameters  which  were  studied  were  the  effects  of  free -stream 
Reynolds  number  and  angle  of  attack. 


SECTION  II 
APPARATUS 


2.1  WIND  TUNNELS 

Tunnels  B  and  C  are  axisymmetric,  continuous  flow,  variable 
density  wind  tunnels  with  50-in.  -diam  test  sections  (Fig.  1  and  Ref.  1). 
Tunnel  B  has  interchangeable  throat  sections  which  produce  nominal 
Mach  numbers  of  6  and  8.  The  tunnel  operates  at  stagnation  pressures 
from  20  to  300  psia  at  Mach  6  and  from  50  to  900  psia  at  Mach  8.  Stag¬ 
nation  temperatures  up  to  1350°R  are  utilized  to  prevent  liquefaction  of 
the  air  in  the  test  section. 

Tunnel  C  operates  at  a  nominal  Mach  number  of  10  at  stagnation 
pressures  from  200  to  1800  psia.  Stagnation  temperatures  up  to  1900°R 
are  utilized  to  prevent  air  liquefaction. 

2.2  MODELS 

The  models,  furnished  by  The  Boeing  Company,  consisted  of  two 
flat  stainless  steel  plates  (Fig.  2),  one  rectangular  in  shape  (20  x  28  in.  ) 
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and  the  other  delta  in  shape  (34  in.  long).  The  rectangular  model  had 
interchangeable  leading  edges  of  0.  002-  and  0.  25 -in.  diameter,  whereas 
the  delta  model  had  fixed  0.  002-in.  -diam  leading  edges.  The  instru¬ 
mented  surfaces  of  the  models  were  l/4-in.  stainless  steel  plates.  Both 
models  were  instrumented  with  surface  pressure  taps  and  thermocouples 
and  were  sting  mounted  in  the  tunnels.  The  Chrome^-Alumel®  thermo¬ 
couples  were  tack  welded  to  the  back  of  the  1/4-in.  surface  plate.  Ports 
for  air  injection  were  located  at  several  places  along  the  centerline  of 
both  models  to  artificially  disturb  the  boundary  layer. 


2.3  SURVEY  PROBE 

The  pitot  survey  probe  was  capable  of  traversing  in  the  x,  y,  and  z 
planes.  The  outer  diameter  of  the  probe  tip  used  during  the  surveys 
was  0.  032  in. 

A  fouling  light  was  UBed  to  indicate  contact  between  probe  and  model 
surface  for  determining  the  My"  zero.  The  "yM  zero  was  repeatable 
within  0.  002  in. 


2.4  INSTRUMENTATION 

Model  surface  pressures  were  measured  in  Tunnel  B  with  15-psid 
transducers,  whereas  in  Tunnel  C,  1-  and  15-psid  transducers  were 
switched  in  and  out  of  the  system  automatically  to  allow  measuring  to 
better  precision.  The  estimated  precision  of  the  Tunnel  B  measure¬ 
ments  is  ±0.  003  psia  or  1  percent,  and  in  Tunnel  C  is  ±0.  001  psia  or 
1  percent,  whichever  is  larger. 

The  probe  pressure  was  measured  with  a  5-psid  transducer,  using 
a  variable  reference  pressure,  which  allowed  measurements  within  a 
precision  of  ±0.  002  psia  or  1  percent,  whichever  is  larger. 

The  reference  junction  of  the  surface  temperature  thermocouples 
was  maintained  at  132°F.  The  temperature  measurements  are  estimated 
to  be  accurate  within  ±2  deg. 

The  mass  flow  for  the  injection  ports  was  measured  using  calibrated 
orifices  in  a  flowmeter.  The  pressure  upstream  of  the  orifice  and  the 
differential  pressure  across  the  orifice  were  measured  with  a  100-  and 
a  50-psid  FM  transducer,  respectively.  The  supply  air  to  the  flowmeter 
was  maintained  at  room  temperature.  Based  upon  calibrations  of  the 
flowmeter  and  upstream-pressure  transducer,  the  precision  of  the  mass 
flow  measurement  is  estimated  to  be  ±5  percent. 


2 


AEDC-TR-46-83 


SECTION  III 
PROCEDURE 


The  tests  were  conducted  at  nominal  Mach  numbers  of  6,  8,  and  10 
at  stagnation  pressures  of  20  to  285  psia,  100  to  900  psia,  and  600  to 
1800  psia,  respectively.  A  complete  tabulation  of  the  test  conditions 
is  given  in  Table  I. 

References  2  and  3  were  used  to  determine  preliminary  tunnel  and 
model  conditions  to  ensure  that  laminar  flow  existed  over  the  model  for 
the  mass  injection  tests.  To  verify  the  condition  of  the  flow,  the  probe 
was  traversed  along  the  surface  of  the  model  in  the  "x"  direction  and 
stopped  at  selected  intervals  to  measure  pitot-probe  pressure. 


SECTION  IV 

RESULTS  AND  DISCUSSION 


To  obtain  comparison  data  for  the  Boeing  analytical  method,  it  was 
necessary  to  obtain  pitot  pressure  profiles  under  conditions  of  an 

disturbance.  The  use  of  air  injection  was  chosen  in  order  that 
the  method  of  disturbing  the  boundary  layer  could  be  closely  controlled 
and  the  exact  conditions  could  be  used  in  the  analytical  program. 

Data  were  obtained  for  two  variations  in  the  air  injection  procedure. 
One  was  to  inject  air  at  different  mass  flow  rates  from  one  location  and 
measure  boundary -layer  pitot  pressure  profiles  at  each  mass  flow  rate 
(Fig.  3).  As  shown  in  the  figure,  the  lower  mass  injection  rate 
(10  x  10  ^  lbm-sec  1)  had  little  or  no  effect  on  the  profile  measured 
near  the  rear  of  the  sharp  rectangular  plate.  However,  deviations  did 
occur  when  the  flow  rate  was  increased  to  20  x  10“®  and  50  x  10“®  lbm- 
sec  1.  Surface  pressure  and  temperature  distributions  are  shown  at 
the  bottom  of  the  figure  to  illustrate  typical  levels  of  these  data  re¬ 
corded  at  Mach  8. 

The  second  variation  (Fig.  4)  was  to  inject  at  the  same  mass  flow 
rate  from  different  injection  ports.  As  illustrated  in  Fig.  4,  the  loca¬ 
tion  of  the  injection  port  has  little  influence  upon  the  boundary-layer 
pitot  pressure  profile  measured  at  a  station  near  the  end  of  the  plate. 
Injecting  air  at  a  rate  of  6.  7  x  10"6  lbm-sec-l  from  ports  located  2  and 
11  in.  aft  of  the  leading  edge  had  no  effect  upon  the  profile,  and  injection 
at  a  rate  of  14  x  10 "6  lbm-sec~l  from  either  port  produced  about  the 
same  effect. 
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The  effect  of  unit  Reynolds  number  at  Mach  8  on  the  sharp  rec¬ 
tangular  model  is  shown  in  Fig,  5.  Here  the  trends  are  as  expected, 
with  the  lower  Reynolds  number  data,  which  was  the  base  condition  for 
the  two  figures  previously  discussed,  showing  a  laminar  profile  and  the 
higher  Reynolds  number  data  showing  that  transition  has  begun. 
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All  Dimensions  in  Inches 


Section  A-A 


O  Pressure  Tap 
A  Mass  Injection  Port 
+  Thermocouple 


Instrument 

Number 

x ,  in. 

Type 

Instrument 

1 

8.5 

Pressure 

2 

11.0 

3 

16.0 

4 

21.0 

5 

25.0 

6 

31.0 

7 

21.0 

8 

21.0 

9 

25.0 

10 

25.0 

11 

31. 0 

12 

31.0 

A 

9.0 

Injection 

B 

13.0 
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18.0 
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17.0 
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19.5 
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24.5 

Hi 
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29.5 

Ki 

32.0 

Ll 

19.5 

Mi 

22.0 

22.0 

24.5 

pi 

24.5 

Qi 

27.0 

Ri 

27.0 

si 

29.5 

Ti 

29.5 

ui 

32.0 

32.0 

b.  Delta  Model 
Fig.  2  Concluded 
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Sym 

Injection  Port 
Location,  in. 

Mass  Flow, 
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o 

- 

0 

A 

2 

6. 7  x  10'6 

ce 

2 

14  x  10'6 

o 

11 

6. 7  x  10'6 

<r 

11 

14  x  10'6 

Fig.  4  Effect  on  Boundary-Layer  Pitot  Pressure  Profiles  of  Mass  Injected 
at  Different  Locations  on  a  Sharp  Rectangular  Plate  at  Mach  8 
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Sym  ^oo  Po*  Ps'a  ^o*  ^e0D'  'n'  ^  x  10  ^ 

7.88  100  1190  0.45 

a  7.92  200  1240  0.85 

o  7.95  300  1265  1.22 


PtA 


Fig.  5  Effect  of  Variations  in  Free-Stream  Reynolds  Number  on  Boundary- 

Layer  Pitot  Pressure  Profiles  for  a  Sharp  Rectangular  Plate  at  Mach  8 
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TABLE  I 

TEST  CONDITIONS 


ModeL  Configuration 


Nominal  Mach  6 

Sharp 

Rectangular 

Blunt 

Rectangular 

Delta 

Unit  Reynolds,  in.-1  x  10" 5 

Angle  of  attack,  deg 

Trip  location,  in. 

Trip  mass  flow,  lbm-sec_1  x  106 
Profile  locations,  in. 

0.  29  to  2,  42 
-5  to  +15 

2  to  7 

3.  6  to  15. 0 

6  to  24 

0.  29  to  4.  25 
-5  to  +15 

2  to  7 

2. 5  to  73. 0 

6  to  24 

0.  60  to  4.  25 
-5  to  +15 

9  to  18 

3.  0 

9  to  33 

Nominal  Mach  8 

Unit  Reynolds,  m."^  x  10"® 

Angle  of  attack,  deg 

Trip  location,  in. 

Trip  mass  flow,  lbm-sec_1  x  106 
Profile  locations,  in. 

0.  45  to  3.  20 
-o  to  +15 

2  to  11 

6.  7  to  50.  0 

6  to  24 

0.  45  to  3.  20 
-5  to  +15 

2  to  5 

6.  7  to  50.  0 

6  to  24 

0.  98  to  3.  20 
-5  to  +10 

9  to  18 

10.  0  to  20.  0 
7  to  30 

Nominal  Mach  10 

Unit  Reynolds,  in.-1  x  10"5 

Angle  of  attack,  deg 

Trip  location,  in. 

Trip  mass  flow,  lbm-sec-1  x  106 
Profile  locations,  in. 

1.  27  to  1.  80 
-5  to  +10 

2  to  7 

100.  0 

12  to  24 

0.  68  to  1.  80 

T  1  0 

2  to  11 

60.  0 

16  to  24 

0.  68  to  1.  80 
-5  to  +10 

9  to  23 
340.  0 

4  to  30 
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